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STEJI.DY S'rATE Cl!ARACTERIS~'ICS OF FAILURES' OF A HOUSEI·IOLD RI:I'Rll'f·-~TOR 
Abstract 
Michael G. McKellar 
David R. Tree 
Ray w. Herrick Laboratories School of Mechanical Engineering 
Purdue University 
West Lafayette, Indiana 47906 USA 
one of the problems facing manufacturers of household appliances is the report of the failure of the appliance during the warranty period. One manufacturer of household refrigerators reported that 50% of all parts replaced under warranty were still in working condition. This paper reports on the possibility of developing a diagnostic system to help resolve this problem. The paper discusses the following: 
1. some of the common failures 
2. the instrumentation placed on a refrigerator to see if such failures could be detected and to determine if different failures could be distinguished 
3. the experimental results of several forced failures are presented and discussed 
DIAGNOSTIC DES PANNES D'UN REFRIGERATEUR MENAGER. 
RESUME L'un des problemes auxquels doivent faire face les cons-tructeurs d'appareils menagers est le compte-rendu des pannes de l'appareil au cours de la periode de garantie. Un constructeur de refrigerateurs menagers a declare que 50 % de l'ensemble des pieces remplacees sous garantie etaient encore en etat de marche. Ce rapport rend compte de la possibilite de mettre au point un systems de diag-nostic pour aider a resoudre ce problems. Il examine les pains sui-vants 
' 
l. quelques-unes des pannes courantes ; 
2. les instruments equipant le refrlgerateur pour voir si ces pannes pourraierrt !tre decelees et pour determiner si dif-ferentes pannes pourraient etre distinguees ; 
3. les resultats experlmentaux de plusieurs pannes forcees sont presentes et discutes. 
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STEADY STATE CHARACTERISTICS OF FAILURES OF A 
HOUSI);HOLD REFRIGERATOR 
D.R. TREE, M.G. MCKELLAR 
Department of Mechanical Engineering 
Ray W. Herrick Laboratories, West Lafayette, Indiana (USA) 
1. INTRODUCTION 
One manufacturer of household refrigerators 
1 reported that a large percentage of all parts returned 
under warranty were still in working order. This is a tremendous 
cost to both the manufacturer and the 
consumer. The main thrust of this work was to help develop 
a diagnostic system for a household 
refrigerator to eliminate this problem. Beside helping to eliminate
 the replacement of good parts, such a 
system could warn the owner of pending failures or conditions, wh
ich if corrected could prevent larger, 
more costly failures; and eliminate any defective parts before the
 equipment leaves the manufacturer's 
facilities. In order to design such a system, it was necessary to id
entify the most common failures and 
their characteristic effects on the household refrigerator; identify t
he least number of sensors needed to 
locate and isolate these failures; and use, if possible, sensors that d
o not require breaking into the sealed 
system. With these objectives in mind, the research had the following tasks: 
1. Identify the most significant failures. 
2. Instrument and test a refrigerator for the purpose of observing 
the characteristics of each failure. 
3. Define the characteristics of each failure by analyzing the resu
lts. 
4. Determine which sensors give the most information about the 
failures. 
By studying failure reports and in private communication wi
th appliance manufacturers, the 
following failures were identified and investigated: a partially bl
ocked capillary tube, heat exchanger 
fan failures, leaks in the compressor caused by a crack in the pis
ton or the suction valve, frost on the 
evaporator, and charging failures. This report will present the
 characteristics from three of these 
failures: a blocked capillary tube, a failed evaporator fan, and a lea
king compressor. 
2. INSTRUMENTATION AND TEST PROCEDURE 
The major objective of instrumenting the refrigerator was to determine the lea
st number of 
transducers needed to locate and identify the most failures. With t
his objective in mind, the refrigerator 
was instrumented with a large number of transducers. There were
 two major reasons for this approach: 
first, the large number helped define and isolate each failure; and s
econd, it provided a wide range of 
locations and types of transducers from which the most effective
 were identified. The most effective 
transducers were defined as those transducers that revealed the mos
t information about each failure. 
Figure 1 shows the locations and types of transducers used on th
e refrigerant loop, while Figure 2 
shows the locations of the thermocouples used to measu
re the cabinet temperatures. The 
instrumentation consisted of 66 thermocouples, 5 pressure transducers
, 3 venturi flow meters, and 1 wan 
meter. A thermocouple was placed on every bend along the leng
th of the evaporator tube, and along 
every other bend along the length of the condenser tube making
 a total of 32 thermocouples on the 
condenser and 16 thermocouples on the evaporator. A venturi typ
e of flow meter was selected instead 
of other types of flow meters for two major reasons: small size and good pressure r
ecovery. A smail 
flow meter has the advantage of direct installation into the refrige
rant line without extra tubing. Since 
changes in pressures can change the operation of the refrigerator, 
good pressure recovery was necessary. 
The refrigerator was placed in a psychometric room in order to ke
ep the ambient temperature within 
±1 F. The psychometric room was allowed to run until the room 
temperature was stable at 90 F. This 
temperature was chosen because it is a temperature used by 
the Association of Home Appliance 
Manufacturers (AHAM) to simulate a standard load on a refrigerator.
2 To further simulate loads, two 30 
watt light bulbs were placed in the freezer and the fresh food cabi
nets. Another purpose of the 30 watt 
sources was prevent the compressor from cycling, so that the com
pressor was operating for the duration 
of each test. The refrigerator was turned off and allowed to com
e to thermodynamic equilibrium with 
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the room temperature. The purpose of this was to give a common initial temperature for all of the component~ of the refrigerator. To allow sufficiem time for the refrigerator components to come to steady state conditions, the duration of each test was 5 hours. The temperatures in the cabinets had much slower time responses than the refrigerant pressures, temperatures, and flow rate. These latter parameters were fairly constant over the last hour of the tests; and therefore were averaged over the last hour. These time averaged data were used to show the steady state characteristics of each test. 
3. TEST RESULTS AND FAILURE CHARACTERISTICS 
In order to compare data from different test runs operating under different failure conditions, all data were normalized as follows: 





Ratio . Ratio (3) 
"' Ration 
. X 
(4) X "'L" 
• T-TA T=o---
Tu-TA (5) 
The subscript n denotes time averaged test d~ta from the household refrigerator operating under normal conditions. P, T, and m are pressure, temperature and mass f~ow rate respectively. Lis the total length of either the evaporator or the condenser, and x is the distance along the specified heat exchanger. The temperatures along the condenser from all of the tests were normalized using the same temperature range. The data from all of the tests fell within this range. Another similar temperature range was selected for the evaporator_ T B and T A are the upper and lower temperatures of each range. The te-mperatures of the air before and after the evaporator were normalized using the same temperature range that is used to normalize the temperatu~es along the evaporator. "Ratio" is the pressure ratio of the discharge pressure over the suction pressure. 
3.1 Normal conditions test (Normal) 
Figures 3 and 4 are plots of the steady state temperatures vs. location for the evaporator and the condenser respectively. Also plotted on these graphs are the saturation temperatures for the average pressure of each heat exchanger. Figure 3 shows that over almost the entire length of the evaporator, boiling occurred; Figure 4 shows that the first 10% of the condenser is in the superheated region while condensation takes place over the remaining 90%. 
3.2 Partially blocked capillary tube (Blocked Cap. Tube) 
A blocked capillary tube is one problem which leads to the returning of good parts. A blocked capillary tube can cause the compressor to over heat because the refrigerant flow is slowed or stopped, and therefore can not cool the compressor effectively. The high temperatures in the compressor will cause the over ride switch to open up. When the repairman comes, he or she measures the resistance of the compressor winding, finds an open circuit, and assumes the compressor has failed. The repaimmn replaces the good compressor, evacuates the system, and installs a drier. This solves the problem, but at the expense of replacing a good compressor. 
The blockage or restriction in the capillary tube can be caused by moisture freezing or dust and dirt particles being trapped in the tube. This restriction was simulated with a hall valve placed after the condenser and before Ihe capillary tube. Figures 5 and 6 and Table 1 compare the results of the refrigerator with a partially blocked capillary tube against tile refrigerator operating under normal conditions_ 
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A lower than normal mass flow rate is a characteristic of this type of failure, see Table 2.
 A partially 
blocked capillary tube will increase the resistance to refrigerant flow, thus reducing the 
mass flow rate. 
A second characteristic of a blocked capillary tube is liquid refrigerant accumulating in
 the condenser, 
see Figure 6. The refrigerant condensed along the first third of the condenser length, dro
pped almost to 
the temperature of the surrounding air in a very shon distance, and continued to subcoo
l gradually for 
the remainder of the length. The low mass flow rate allowed more refrigerant to co
ndense along a 
shoner than normal distance. The constriction caused this excess refrigerant to b
uild up in the 
condenser. The discharge pressure was almost the same as the the discharge pressur
e under normal 
conditions see Table 1. One would have expected a larger than normal pressure due to th
e accumulation 
of liquid refrigerant. 3 The evaporator had a lower than normal pressure, see Table 1. 
The evaporator 
inlet temperature was above the saturation temperature; therefore the refrigerant entering
 the evaporator 
was superheated, see Figure 5. The low mass flow rate combined with the low pressu
re caused the 
refrigerant to completely evaporate in the capillary tube. 
The most effective transducers for this failure were the high side and low side pressure 
transducers, 
the thermocouple at the inlet of the evaporator, and the thermocouples along the c
ondenser. The 
pressure transducers indicated the large pressure difference between the high side
 and low side 
pressures, no change in the discharge pressure, and the decrease in the suction 
pressure. The 
thermocouple at the inlet of the evaporator indicated that the refrigerant entering the 
evaporator was 
superheated. The thermocouples along the condenser showed that a major portion of the condenser was 
subcooled. 
3.3 Evaporator fan off (Evap. Fan Off) 
Figures 7 and 8 and Table 1 compare the results with the evaporator fan turned off agains
t the results 
of the normally operating refrigerator. The evaporator fan failure was simulated by sw
itching off the 
evaporator fan. 
With the evaporator fan turned off, the resistance to heat transfer increased dne to a c
hange from 
forced convection to free convection heat transfer along the outer wall of the ev
aporator. This 
increased resistance reduced the heat transfer to the evaporator and increased the avera
ge temperature 
difference between the fluid in the evaporator and the surroundings. The increas
ed temperature 
difference was reflected by a decrease in the average temperature of the evaporator, see
 Figure 7. This 
decrease was also reflected by the decrease in the suction pressure. The reduction in s
uction pressure 
was propagated to the discharge pressure resulting in its decrease, see Table 1. The
 pressure ratio 
increased, although the pressures through out the system decreased, see Table 1. The air
 temperature at 
the top of the evaporator was lower than the temperature at the bottom, see Table 2. Th
is characteristic 
was due to the fact that the evaporator was venical. When the fan was on, the air flowed
 upward across 
the evaporator. This caused the temperature at the top to be lower than the temperature
 at the bottom. 
When the fan was off, however, the cooler air sank to the bottom of the evaporator, wh
ile the warm air 
rose; thus causing the temperature at the top of the evaporator to be warmer. 
The most effective transducers used to determine an evaporator fan failure were the 
suction and 
discharge pressure transducers and the thermocouples used to measure the temperat
ures of the air 
around the evaporator. The pressure transducers indicated a drop of the pressures throug
hout the sealed 
system as well as indicating that the pressure ratio increased. The thermocouples showe
d that the air at 
the top of the evaporator was warmer than the air at the bonom. 
3.4 Compressor Leak (Comp. Leak) 
Leaks in the compressor valves and a cracked or worn piston are failures that have been 
investigated 
by D. Jankov.4 Jankov has found that a leak in the discharge valve will cause the com
pressor to work 
harder. This is due to high pressure gas leaking back into the cylinder during the s
uction process. 
J ankov has also shown that it takes less time from start up to reach the discharge pressure due to the
 fact 
that higher pressure gas is in the cylinder at the beginning of the compression process
. J ankov found 
that a leak in the suction valve reduces compressor work. During the compression cyc
le, some of the 
gas leaks through the suction valve into the compresso:r return line. This causes the retu
rn line to have a 
higher that normal pressure. Since the leak reduces the resistance to compressmn, 
the compressor 
works less. J ankov also indicated that it takes more time from start up to reach the disc
harge pressure. 
Piston leakage has the same effects as a suction valve failure. J ankov simulated the com
pressor leakage 
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by puncturing the valves or piston. Pressure transducers were installed in the compressor to measure the 
pressures, Using pressure transducers, however, require opening tlie sealed system, this in tum could 
cause leaks. It was therefore desirable to find a diagnostic scheme wltich does not require opening the 
>ealed system. It is with this in mind that further testing was, done on compressor leakage. Since the 
compressor shell was not opened, a bypass line with a valve was installed to >imulate the leakage. The 
bypass line passed refrigerant from the discharge line to the suction line. The line was instrumented with 
a valve to control the leakage and a differential pressure transducer to measure the mass flow rate of the 
refrigerant flowing through the valve. The bypass line simulated suction valve leakage and a cracked 
piston. To simulate the discharge valve leak, it would have been necessary to drill a hole in the valve, 
therefore this failure was nor simulated in this research. 
Figures 9 and 10, and Table 1 compare the results of a refrigerator with a leaking suction valve or a 
cracked piston against a normally operating refrigerator_ A characteristic of a refrigerator with a leaking 
compressor is a higher than normal suction pressure and a lower than normal discharge pressure, see 
Table 1. Also the mass flow rate decreased, see Table 2. 
The most effective transducers used to indicate a leaking compressor were the discharge and suction 
pressure transducers. They indicated a rise in the low side pressure as well as a decrease in the high side 
pressure, and thus a decrease in the pressure ratio. 
3.5 Other Results 
By examining tests at different ambient temperatures, it was found that the inlet temperatures to the 
compressor were almost the same as the air temperatures surrounding the compressor. Enough energy 
was transferred from the return line so that the refrigerant was in thermodynamic equilibrium with the 
surroundings as it emercd the compressor. 
A relationship was found between the pressure ratio and the temperature ratio across the 
compressor. It was assumed that the refrigerant under went a polytropic compression process. The 
relationship is: 
(6) 
It was experimentally found that n=1.0685. 
4. EFFECTIVE TRANSDUCERS 
There were two .::riteria in choosing the most effective transducers: (1) which ones identified the 
most failures and (2) which ones had minimal effects on the the refrigerator. The first criteria required 
that the transducer gave output that was unique to the type of failure. One of the objectives of the 
second criteria was to use transducers that did not require opening the sealed system. Looking at Table 
l, it can be shown that the discharge and suction pressures combined with the pressure ratio are unique 
to the type of failure. For example, a high suction pressure and a low discharge pressure identifies 
compressor leakage. Another example, a low suction pressure combined with a discharge pressure that 
is the same as normal conditions indicates a partially blocked capillary tube. 
The major problem of using pressure transducers is that it requires opening the sealed system. This 
can be avoided as foliows: 
1. A careful study of the temperature profiles of the condenser shows that for steady state operation, 
the refrigerant is always in the two phase region between the first 10% to 20% of its length. Thus 
2. 
3. 
the pressure inside this part of the condenser is the saturation pressure for the measured 
temperature. 
Since the pressure drops in both the condenser and the evaporator are small, the pressures entering 
and leaving the compressor are the same as the saturation pressures in the evaporator and the 
condenser respectively. 
By placing thermocouples at the inlet and the outlet of the compressor and using equation 6, the 
discharge pressUTe can be determined. 
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5. CONCLUSIONS 
It was found that suction pressure, discharge pressure, and pressure ratio uniquely identified the 
failures listed To avoid pressure transducers, three thermocouples can be used to find the suction and 
discharge pressures. A thermocouple placed between the first 10% to 20% of the condenser length will 
locate the saturation temperature, and hence the pressure, of the condenser. Thermoconples placed near 
the inlet and outlet of the compressor will give the temperature ratio across the compressor from which 
the pressure ratio can be determined using equation 6. Using the pressure ratio and the discharge 
pressure, the suction pressure and failure can be determined. 
TABLE 1 - Normalized Pressures and Pressure Ratio of Failures 
p 
Failure Discharge Suction Ratio• 
Normal 1.00 1.00 1.00 
Blocked 
Cap. Tube 0.99 0.51 1.91 
Evap. Fan Off 0.86. 0.66 1.30 
Comp. Leak: 0.91 1.63 0.56 
TABLE 2- Normalized Mass Flow Rates and Air Temperatures 
Normalized 
Failure 
.. Air Temperatures m 
Before Evap. AfterEvap. 
Normal 1.00 0.36 0.33 
Blocked 
Cap. Tube 0.39 0.91 0.87 
Evap. Fan Off 0.54 0.24 0.54 
Comp.Leak 0.63 0.67 0.64 
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Figure 3. Normalized Steady State Temperatures Along Evaporator of a 








')at ur- alton 
.1 
o.+---.---.---.--.---.---.---.---.--.---. 
0. .1 . 2 . 3 . " .5 6 7 9 . 9 1 . 
x* 
Figure 4. Normalized Steady Stale Temperatures Along Condenser of a 




r~- .. ,/~-~'e-/"""',., Normal 1!1 Blocked ::ap Tube- -C) l S.atur-at ion __ _ 
.3~ .. , .. ,__.a.._~r 
.2 
.1 
0. -r--- -r- -·-·-·--,- ---, 
1 .2 .3 .L.J s 6 7 .e 9 ~. 
x* 
Figure 5. Normalized Steady State Temperatures Along Evaporator of 
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Figure 6. Normalized Steady State Temperatures Along Condenser of the 
Failure One to a Partially Blocked Capillary Tube vs. Normal 
Conditions 
Air Flow I ~~'¢'~ 
,---S~~, ~ (j) . ~ Reotriciion ~ t Valve 
@j Condenser ~ 
Cnmp"""' ~TJ,. BJ;;:';' ' '"i~:'' 
·:::-r=-J Evaporator 
<!l Thermocouple CPj (:f) 
® ti:~~';!;:,.~er 
~Flow Meter ~ ~'§;)~--~-® T ___ :=>-(!) ~ T-~ T --- T ®--C'===::::tr 
T (!) 
Accumulator ~~~~ Air Flow 
















Ewop. Fan Off 
Saturat 10n "' 
~
": t: .:=~~:::::~:~;::::::==::-:;:: 
0 .. 1 2 ~+ 5 
·
6 7 
.8 . 9 1 
x* 
Figure 7. Normalized Steady State Temperatures Along Evaporator of 
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Figure 8. Normalized Steady State Temperatures Along Condenser of the 
Evaporator Fan Failure vs, Normal Conditions 
* t-
1 l "' 
91 ~~~~alFaii ": •. 
Bl Sat.t"atton ~ 7~1~;~ 6 ~ 
.5·. -·--------~ .~ ----------------------------------- Er 
.3 ~BP=12i 
~L, . 8 .9 1 ' ,, .s 6 7 . 0 0 .'1 2 .3 * 
X 
Figure 9. Normalized Steady State Temperatures Along Evaporator of 














Figure 10. Normalized Steady State Temperatures Along Condenser of 
the Failure Due to Compressor Leakage vs. Normal Conditions 
